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(54) PLASMA TREATMENT OF TITANIUM NFTRIDE RLM FORMED BY CHEMICAL VAPOR 
DEPOSmON 

(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a method for 
forming a thick titanium nitride film having a low 
SOLUTION: A titanium nitride film 204 is formed, using a 
thermal chemical deposition reaction between ammonia 
(NH3) and titanium tetrachloride (TiCI4) at a 
temperature of less than about 600'' 0 and NH3: TiCI4 
flow ratio greater than about 5. The deposited TiN film 
204 is then treated in a hydrogen- containing plasma 
210 generated from molecular hydrogen (H2). A thick 
titanium nitride film having low resistivity and good 
coverage, is thereby realized. The deposition and plasma 
treatment steps may be repeated for additional cycles to 
form a thick, composite titanium nitride film of desired 
thickness, which is suitable for use in plug fill or 
capacitor structure applications. 
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1 ri 1 1 « o( { Qfent i on 
PLAJSMA TRBATMSZrC 07 A TITANIUM NITRIDE FILM 
FORMBD BY CHEHICAIi VAPOR DEPOSZTIOK 

2 ClaidS 

1. A method of depositing a titanium nitride layer, 
cctnprlsing the steps of: 

(a) forming a titainium nitride layer upon a substrate 
inside a processing chamber using a thermal reaction 
between ammonia {NHj} and titanium tetrachloride CTica*) at 
a pressure range of about 10 to about 50 torr and a 
temperature of less than about 600°C; and 

(b> following said step (a) , treating said titanium 
nitride layer in a hydrogen -containing plasma without 
removing said substrate from said processing chamber. 

2. The method of claim 1, wherein said step (b) is 
perEormed at a pressure range of about 0.5 to about 10 torr 
and a temperature between about 500 to about 600^C. 

3. The method of claim 1, wherein said step (a) is 
performed at an NH, :riCl« flow ratio greater than about 5. 

4. The method of claim 1, wherein said first titanium 
nitride layer formed in said step (a J has a thickness of 
lees than about 300A. 

5. The method of claim 1, wherein said hydrogen- 
containing plasma of said" step (b) is generated from - - 
molecular hydrogen. 

6. The method of claim 1, wherein said hydrogen- 
containing plasma of said step (b) is generated from a 
mixture .Of molecular hydrogen and molecular nitrogen. 
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7. The method of claim 1, wherein said titanium nitride 
layer has a film resistivity of leas than about 200 fiohm-cm 
after said step (b) . 

8. The method of claim 1, further comprieing the step of: 
(c) repeating said steps <a) and (b) to form a 

composite titanium nitride layer having a thickness of at 
least lOOOA, and a resistivity less than about 200 jiohm-cm. 

9. The method of claim 1, wherein said hydrogen- 
containing plasma is a radio- frequency plasma. 

10. The method of claim 1, wherein said hydrogen- 
containing plasma is a remote plasma. 

11. A method of depositing a titanium nitride layer 
comprising the steps of: 

(a) forming a first titanium nitride layer upon a 
substrate inside a processing chamber using a thermal 
reaction between amnoiLia (NH^] and titanium tetrachloride 
(TiCl*) at a first HH^tTiCl, flow ratio of greater than 
about 20, a pressure range of about 10 to about 50 torr and 
a temperature of less than about 600''C; and 

(b) forming a second titanium nitride layer upon said 
first titanium nitride layer of step (a) using a thermal 
reaction between WH3 and TiCl^ at a second NHa:TiCl4 flow 
ratio different from said first NHj:TiCl, flow ratio used 
in said step (a) ; and 

(c) following said step (b) , exposing said second 
titEUiium nitride layer to a hydrogen -containing plasma, 
without removing said substrate from said processing 
chamber. " " - ^ - _ 



(^4) )01-291682 (P2001-L 



12. The method of claim 11, wherein said first titanium 
nitride layer has a thickness less than about 20A, said 
eecond titanium nitride layer has a thickness of less than 
about 300A and said second NH);TiCl4 flow ratio is greater 
than about 5. 

13- The method of claim 11, wherein aaid steps ia) , {b) 
2uid (c) are repeated for additional cycles to form a 
composite titani\iin nitride layer of thickness greater than 
about lOOoA. 

14. The method of claim 11, vherein said hydrogen- 
containing plasma is a radio- frecjuency plasma. 

15. The method of claim 11« vherein said hydrogen- 
containing plasma ia a remote plasma. 

16. A method of forming a capau^itor structure, comprising 
the steps of ; 

(a) forming a first electrode upon a substrate; 

(b) forming an insulating layer upon said first metal 
electrode; 

(c) forming a titanium nitride layer upon aaid 
insulating layer using a thermal reaction between ammonia 
(NHj) and titanium tetrachloride (TlCl,) at a pressure 
range of aOsout 10 to about 50 torr and a temperature of 
less than about 600''C; 

(d) exposing said titanium nitride layer formed in 
step (c) to a hydrogen- containing plasma; and 

(e) forming a second electrode upon said titanium 
nitride layer after step (d) . 
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17. The method of claim 16, wherein said insulating layer 
of step (b) comprises tantalum pent oxide (TajOg) . 

18. The method of claim 16, wherein said hydrogen- 
containing plasma of step (c) is generated from molecular 
hydrogen . 

19. The method of claim 1€, wherein said step (c) is 
performed at an NH, iTlCl^ flow ratio greater than about 5. 

20. The method of claim 16, wherein said first electrode 
con^risE^s silicon. 

21. The method of claim 16, wherein said second electrode 
comprises silicon. 

22. A computer storage medium containing a software 
routine that, when executed, causes a general purpose 
computer to control a deposition chamber using a method of 
film deposition comprising the steps of; 

(a) forming a titanium nitride layer upon a substrate 
inside a processing chamber using a thermal reaction 
between ammonia (NH,) and titanium tetrachloride {TiCl«) , a 
pressure range of about 10 to aibout 50 torr and a 
temoperature of less than about fiOO^C; and 

lb) treating said titanium nitride layer in a 
hydrogen-containing plasma without removing said substrate 
from said processing chamber after said step <a) . 

23. The computer storage medium of claim 22, wherein said 
hydrogen -containing plasma of said method step (b) is 
generated from molecular hydrogen. , , . 
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24. The computer storage medium of claim 22, wherein said 
method step (a) is performed at an NH^jTiCl^ flow ratio 
greater than about 5. 

25. A computer storage medium containing a so£tvrare 
routine that, when executed, causes a general purpose 
computer to control a deposition chamber using a method of 
film deposition comprising the steps of: 

(a) forming a first titanium nitride layer upon a 
substrate inside a processing chamber using a thermal 
reaction between ammonia (NH,) and titanium tetrachloride 
(TiCl4) at a first KHatTiCl* ratio greater than about 20, a 
pressure range of about 10 to about SO torr and a 
temperature of less than about 600'C; 

(b) forming a second titanium nitride layer upon said 
TiN layer of step (a) using a reaction between MH, and 
TiCX, at a second UH^rTicl, flow ratio different from said 
first NHjsTiCl* flow ratio used in said step (a)? and 

(c) exposing said second titanium nitride layer to a 
hydrogen- containing plasma, without removing said substrate 
from said processing chamber after said step {b) . 

3 DttaiUd DcEcrittioo cf InvcitiQn 
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This application is a continuation-in-part of cotnsionly 
assigned U.S. patent application, Serial No. 09/330,696, 
entitled "Method of Depositing a Thick Xitaniuin Nitride 
Film", filed on June 11, 1999, which is incorporated herein, 
by reference. 

BACKQROtfMP OF THB PJSCIiQSURE 

1. Field of the Invention 

The invention relates to a method of titanium nitride 
film deposition and, more particularly, to a method of 
forming a thick, low stress titanium^ nitride film having 
low resistivity. 

2 . Description of the Background Art 

In the manufacture of integrated circuits, a titanium 
nitride film is often used as a metal harrier layer to 
inhibit the diffusion of metals into an underlying region 
beneath the barrier layer. These underlying regions 
include transistor gates, capacitor dielectric, 
semiconductor substrates, metal lines, and many other 
structures that appear in integrated circuits . 

A combination of titanium/ titanium nitride (Ti/TiMT) ie 
often used as a diffusion barrier and provides contacts to 
the source and drain of a transistor. In forming a contact 
using a tungsten (W) plug process, for example, a Ti layer 
is deposited upon a silicon <Si) substrate, followed by 
conversion of the Ti layer into titanium silicide (TiSi^) , 
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which provides a lower resistance contact with Si, A Tin 
layer is then formed upon the TiSi, layer, prior to forming 
the tungsten plug. Alternatively, in some applications , a 
TiM plug may also be formed instead of a W plug. 

Ti and TiN films can be formed by physical or chemical 
vapor deposition. A Ti/TiN combination layer may be formed 
In a multiple chamber "cluster tool" by dejiositing a Ti 
film in one chamber followed by TiN film deposition in 
another chamber. When depositing both Ti and TiN using 
chemical vapor deposition (CVD) , titanium tetrachloride 
(Ticl^) , for example, may be used to form both Ti and TiN 
films when allowed to react with different reactant gases, 
i.e., under plasma conditions, Ti ie formed when TiCl^ 
reacts with H^, and TiN is formed when TiCl< reacts with 
nitrogen. In general r TiN can be formed by reacting TlCl^ 
with a nitrogen- containing compo\ind under either plasma or 
thermal conditions, depending on the specific nitrogen- 
containing compound. Thus, a TiN film may be formed by 
high temperature CVD using a reaction between TiCl* and 
ammonia (NH,) . However, thicker TiN films deposited using 
some prior art processes tend to develop cracks, especially 
when the film thickness exceeds about 40 oA. With 
increasing film thickness, both the density and size of the 
cracks increase, until the film eventually peels off. 

Furthermore, when a TiN film is deposited from a TiCl,- 
based chemical process, chlorine <C1} is entrained in Che 
TiN layer. The Cl content has been associated with an 
increase in film resistivity, which in turn results in an 
undesirable increase in contact resistance. For TiN plug 
applications, a TiN film thickness of over 10 00 A. is often 
required, and a reduction of film resistivity becomes even 
more Importauit. _ _ _ _ 
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Although the Cl content in the deposited TiN film can 
be reduced by Increasing the deposit ion temperature, 
improved step coverage is favored by lowering the 
deposition temperature. Furthermore, a relatively low 
deposition temperature is advantageous for process 
integration purposes. For example, TiK can be used as a 
barrier layer for an upper electrode in a capacitor 
structure with tantalum pentoxide (Ta^Og) as the 
dielectric. However, thermal CVD of TIN - e.g., using a 
reaction between TiCl* and NH,, is often performed at a 
temperature of about 650°C. Such a high temperature may 
cause undesirable atomic inter-dif fusion within the 
capacitor structure. 

Therefore, a need exists in the art for a method of 
depositing TiH at a reduced temperature, to yield thick, 
crack- free TiN films having improved properties including 
good step coverage and low resistivity. 

SUMMAffV nv TTTP! TPaVRWTTtIN 

The present invention is a method of forming a titanium 
nitride (TiN) layer using a reaction between ammonia (NHj) 
and titanium tetrachloride (TiClf) at a pressure of about 
10 to about 50 torr and a temperature of less than about 
600°C, followed by treating the TiN layer in a hydxogen- 
containing plasma. 

In one embodiment of the present invention, the TiN 
layer is formed at a pressure of about ao torr and a 
temperature between about 550*C and about 600**C at an 
NH, :TiGl4 flow ratio of about 8.5, followed by in situ 
plasma treatment in the presence of H^. Under these 
^process-conditions,- a TiN layer of at least 250A can be 
formed. By repeating the TiN deposition and plasma 
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treatment for additional cycles, a compos ike TiN layer of 
desired thickness can be formed for plug- fill applications. 
The method of the present invention can also be used to 
form a TiN Layer as part of an upper electrode in a 
capacitor structure. The treatment of the TiN layer may be 
performed using a radio- frequency (RF) local plasma or a 
remote plasma . 

In an alternative embodiment, alternate TiN layers can 
be formed using different deposition conditions. For 
example, a second TiN layer having step coverage and/or 
stress characteristics different from the first TiN layer 
may be formed by using axi NHsiTiCl^ flow ratio that is 
different from that used in the first TiN layer. By 
alternating between deposition and treatment of the first 
and second TiN layers using different processing 
conditions, a composite TiN layer of final desired 
thiclciiess can be achieved, with improved overall step 
coverage and stress characteristics. 

DETAILEP PBSCRIPT?;OW 

The present invention provides a method of forming a 
thick titanium nitride (TiN is used generically to include 
films of different stolchiometrieB} film with low 
resistivity and good step coverage. A thick TIN film, for 
example, may be used for plug applications in sub-0.18fiin 
technology. Embodiments of the invention allow relatively 
thick TIN films with low resistivity to be formed using a 
reaction between NH, and TiCl^ at a reduced deposition 
temperature. 

In one embodiment, a TiN layer is deposited at an 
NHjiTlCl, flow ratio in the range of about 2'. 5 to about 17, 
typically above 5, and more preferably, about 8.5, and a 
process temperature of less than about eoo^C, or preferably 
about SBO'C. The deposited TIN layer, having a thickness 
of up to about 300A, is then exposed to a hydrogen- 
containing plasma. The plasma-treated TiN layer has a 
reduced resistivity compared to the as-deposited TiN layer 
due to a lower CI content. 
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Alternatively, the TiN layer may be deposited in a 
two-step procedure, in v?hich a relatively thin TIN layer, 
e.g.. Less than obcmt 20A, is deposited using a £irat 
NHjzTiCl^ flow ratio, followed by deposition of a second 
TiN layer using a second NH, iTiCl^ flov ratio. The 
resulting TiN layer is then treated in a hydrogen- 
containing plasma to yield a thick TiW layer with reduced 
resistivity. 

Depending on the specific application, the film 
deposition and plasma treatment steps can be repeated for 
additional cycles to yield a cocnposite TiN layer. For 
example, a thick TIN layer can be obtained for thicknesses 
above 100 oA. The composite TiN layer typically has a 
resistivity of less than about 200 /lohm-cm, and is well- 
suited for plug-fill applications for geometries below 
O.ia^im. 

flywtftm 10 

FIG. 1 is a schematic representation of a wafer 
processing system 10 that can be used to practice 
embodiments of the present invention. The system 10 
cotnprises a process chamber 100, a gas panel 130, a control 
unit 110, along with other hardware cotrqponents such as 
power supplies and vacuum pumps. One example of the 
process chamber 100 is a TiN chamber, which has previously 
been described in a commonly- assigned U.S. patent 
application entitled "High Temperature Chemical Vapor 
Deposition Chamber," Serial No. 09/211,998, filed on 
December 14, 1998, and is herein incorporated by reference. 
Some key features of the system 10 are briefly described 
below. 
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The process chaxnber 100 generally compriaes a support 
pedestal 15 0, which is used to support a substrate such as 
a semiconductor wafer 190 within the procesa chamber 100. 
This pedestal 150 can be moved in a vertical direction 
inside the chamber 10 0 using a displacement mechanism (not 
shown) . Depending on bha specific process, the wafer 
substrate 190 has to be heated to some desired temperature 
prior to processing. In the present invention, the wafer 
support pedestal 150 is heated by an embedded heater 170. 
For example, the pedestal 150 may be resistively heated by 
applying an electric current from an AC supply 106 to the 
heater element 170. The wafer ISO Is, in turn, heated by 
the pedestal 150, and can be maintained within a process 
temperature range of, for example, 400-750'C. A 
temperature sensor 172, such as a thermocouple, is also 
embedded in the wafer support pedestal 150 to monitor the 
temperature of the pedestal 150 in a conventional manner. 
For example, the measured temperature may be used in a 
feedback loop to control the power supply 106 for the 
heating element 170 such that the wafer teir^erature can be 
maintained or controlled at a desired temperature that is 
suitable for the particular process application. 

Proper control and regulation of the gas flows through 
the gas panel 130 is performed by mass flow controllers 
(not shown} and a controller unit 110 such as a computer. 
The showerhead 120 allows process gases from the gas panel 
130 to be uniformly distributed and introduced into the 
chamber 100. Illustratively, the control unit 110. 
comprises a central processing unit (CPU) 112, support 
circuitry 114, and memories containing associated control 
software 116. This control xinit llO is responsible for 
automated control of the numerous steps required for vafer 
processing - such as wafer transport, gas flow control. 
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temperature control, chaniber evacuation, and bo on. Bi- 
directional communications between the control unit 110 and 
the various components o£ the system 10 are handled through 
numerous signal cables collectively referred to as signal 
buses 118, some of b/hich are illustrated in FIG. 1. 

A vacuum pump 102 is used to evacuate the process 
chamber 100 and to maintain the proper gag Clowa and 
pressure inside the chamber 100. A ehowerhead 120, through 
which process gases are introduced into the chamber IQO, is 
located above the wafer support pedestal 150. The "dual- 
gas" ehowerhead 120 used in the present invention has two 
sepaxate pathways, which allow two gases to be separately 
introduced into the chamber 100 without premixing. Details 
of the showerhead 120 have been disclosed in a commonly- 
assigned U.S. patent application entitled "Dual Gas 
Faceplate for a Showerhead in a Semiconductor VTafer 
processing system," serial No. 09/098,969, filed June 16, 
1998/ and is herein incorporated by reference. This 
showerhead 12 0 is connected to a gas panel 13 0 which 
controls and supplies, through mass flow controllers (not 
shown) , various gases used in different steps of the 
process sequence . During wafer processing, a purge gas 
supply 104 also provides a purge gas, for example, an inert 
gas, around the bottom of the pedestal 150 to minimize 
undesirable deposits from forming on the pedestal 150. 

TlU Pjlm Deposition 

An ideal TiN film should have low stress and good step 
coverage, especially for plug filling applications 
involving small geometries at or below 0 . 18^m. Proper 
adjustment of deposition process conditions are required to 
provide a film with optimal, desirable characteristics. In 
the deposition of TiN using a reaction between NH, and 
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TiClj, for example, ths NHj:TiCl4 ratio can be adjusted to 
provide TiN films with varying step coverage and stress 
characteristics . 

In a typical TiN deposition process, a pedestal 
temperature of over 650*c is often used at a typical 
NH^iTiClf ratio of about 5. This results in a TiN filoi 
having a tensile stress on the order of 2x10^° dyne/cm* for 
a 20oA thick film. Cracks begin to develop in these films 
that are about 40oA thick. In general, TiN film stress can 
be reduced by lowering bhe deposition temperature and/or 
increasing the NHjiTiCl, ratio. However, an increased 
NH^rTlCl^ ratio also leads to a decreased step coverage. 

A commonly- as signed application, Serial No. 
09/330,696, entitled "Method of Depositing a Thick Titanium 
Nitride Film", filed on June 11, 1999, discloses a method 
of forming a thick crack- free TiN layer using a reaction 
between NHj and TiCl^, and. is herein incorporated by 
reference . 

The present invention provides another embodiment of 
forming a thick, low atress TiN layer with good step 
coverage and low resistivity, in particular, the method 
includes the following features: 1) a relatively low 
deposition temperature of less than about 600*C; 2) an 
NHjiTiCl^ ratio of at least about 5, preferably about 8.5; 
and 3) Ha plasma treatment of the deposited film. 

Two alternative TiN film deposition recipes are 
illustrated in Table i. 

Table 1 - Process Parameters for TiH Deposition 



Process (a) 
Praferred (range) 



Process (b) 
Preferred (range) 



MHj (seem) 



XOO (30-200) 



150 (100-500) 
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2000 (1000-5000) 2000 (1000-5000) 



TiCl, (seem) 
Na (seem) 
He (seem) 



12 (3-25) 

1000 (500-2500) 

1000 (500-2500) 



1,8 (1-6) 

1000 (500-2500) 

1000 (500-2500) 

85 (20-250) 

580 (400-600) 

20 <5-50) 

2000 (1000-5000) 



NH,:TiCl, 8.5 (2,5-17) 

Pedestal Temp. {""C} 580 (400-600) 

Pressure (torr) 20 (5-50) 

Ar purge (seem) 2000 (1000-5000) 



FIGS. 2a-c illustrate schematically cross -sectional 
views of a substratie 200 at different stages of an 
integrated circuit fabrieation sequence. In general, the 
substrate 200 refers to any worlcpiece upon which film 
processing is performed, and a substrate structure 250 is 
used to generally denote the substrate 200 together with 
other material layers formed upon the substrate 200. 
Depending on the specific stage of processing, the 
substrate 200 may correspond to a silicon semiconductor 
wafer, ox other caaterial layer which has been formed upon 
the wafer. PIG. 2a, for eacample, illustrates a croaa- 
sectional view of a substrate structure 250, having a 
material layer 202 that has been conventionally formed and 
patterned (e.g., by lithography and etch) upon the 
substrate 200. The material layer 202 may be an oxide 
(e.g. I SiO,} r that has been patterned to form a contact 
hole 202H extending to the top surface 200T of the 
stibstrate 200. In general, the siibstrate 200 may be a 
layer of silicon, silicides, or other materials. FIG. 2a 
illustrates one embodiment in which the substrate 200 is 
silicon, and a silicide layer 201, e.g., titanium silicide 
(TiSi.) , among others, has been formed at the bottom 202B 
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of the contact hole 202H. The TiSi, Layer 201 may be 
formed, for example, by depositing Ti (e.g., by physical 
vapor deposition or CVD) over the silicon substrate 200 and 
the patterned oxide 202, followed by a high temperature 
anneal, which results in the formation of the TiSi, layer 
201. The unreacted Ti layer 203 remains over the top 202T 
of the oxide layer 202 (no Ti is formed at the side 2023 of 
the contact hole 202H because of non-conf ormal Ti 
deposition.) fig. 2b depicts a TiN layer 204 deposited 
upon the substrate structure 250 of PIG. 2a. 

In one evobodiment of the present invention, the TiN 
film 204 is formed in a CVD chamber similar to chamber 100 
of FIG. 1, using a reaction between NH, and TiCl, according 
to the recipe of process (a) in Table 1. After a wafer 190 
having the substrate structure 250 is loaded onto the wafer 
support pedestal 150, NH, and TiCl«, along with other 
gases, are introduced into the chamber 100 for TiK film 
deposition. TiCl4 is introduced, along with helium (He> 
and nitrogen (Ma) , via one gas line <not shown) of the 
dual-gas showerhead 120. TiCl,, being a liquid at room 
temperature, is delivered to the gas line using, for 
escainple, a liquid injection system (not shown) . In 
general, the following gas flow ranges can be used - TiCl«; 
about 3 to about 25 seem (calibrated from liquid flow 
rate) , He: about 500 to about 2500 sccm, and Nj: about 5O0 
to about 2500 sccm. He and N, are generally referred to as 
"dilutant" gases. The use of He and Na is for illustrative 
purpose only, and other gases such as argon (Ar) and 
hydrogen (Ha) can also be used as dilutant gases. NH^, in 
a flow range of about 30 to about 200 sccm, is introduced 
into the chamber 100, along with a dilutant gas such as Na 
in a range of about 1000 to about 5000 sccm, via the second 
gas line of the dual -gas showerhead 120. The dilutant 
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g^gQ3 in either gas line can comprise either a gingle gae, 
or more than one gas in. different coinbinations or ratios, 
i.e.j as a gas mixture. While the exact ratio or 
combination of dilutant gases is not critical to the 
practice of the invention, it is preferable that the some 
"balemce" be maintained between the respective gas flows in 
the first and second gas lines. By maintaining 
approximately equal gas flows in the two gas lines « 
potential "bacic flow" problems can be avoided. 

More preferably, the TiN deposition is performed at an 
NH3 flow of about 100 acorn and N3 flow of about 2000 seem 
in the first gas line, and a TiCl^ flow of about 12 seem, 
Na flow of about 1000 seem and He flow of about 1000 seem 
in the second gas line. In general, an NHjsTiCl^ flow 
ratio of greater than about 5 is used, and preferably, 
about 8.S. A total pressure greater than about 5 torr, 
e.g., in a range of about 10 to about 50 torr, and 
preferably about. 20 torr can be used; and a pedestal 
temperature is maintained at about 400-600*'C, e.g., between 
50 0-600'C, and more preferably about 550-600*C- Depending 
on the specific process conditions, the substrate 
temperature may be about 30-40*0 lower than the pedestal 
temperature. Furthermore, a bottom inert gas purge flow 
(e.g., Ar or other inert gases) of about 2000 seem, or more 
generally, between about 10 00 to about 5000 accm, is also 
established via a separate gas line and a purge gas supply 
104 provided at the bottom of the chamber 100. Aside from 
minimizing the accumulation of undesirable deposits at the 
back of the wafer support pedestal 150, the purge gas flow 
I may also affect deposition uniformity. 

Under these process conditions, a crack- free TiN layer 
204, having a film stress of less than about^ 
1x10^** dynes/ cm* can be formed with a step coverage of over 
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95% over a contact hole with a near-vertical sidevall and 
an aspect ratio of about 7. (Aspect ratio is defined in 
this illustration by the ratio of the depth d to the width 
w oC the contact hole 202H.) using this deposition process 
alone, the TiN layer 204 can be formed into a TiW plug (not 
shown ^ inside the contact hole 202H by an apprcipriate 
planarization technique, e.g., blemket etchback or chemical 
mechanical polishing. Hith a depositing teixiperatiire below 
about 6Q0^c, step coverage can be improved for contact with 
high aspect ratios, e.g., over 7:1. For features with even 
higher aspect ratios, it may also be necessary to further 
improve the step coverage by decreasing the IIH,:TiCl4 flow 
ratio. 

It should be noted that the formation of a crack- free 
TiN film is not solely a function of film stress. Instead, 
the MH,;TiCl4 ratio at which deposition takes place also 
plays an important role. For example, films having the 
same film stress may exhibit different "cracking' behaviors 
If they are deposited using different NHsiTiCl^ ratios. 
This may be attributed to the different surface reactions 
during deposition and orientation of the deposited films. 

Depending on Che deposition temperature and the 
NE3:TiCl4 ratio, the as-deposited TiN film may have a 
chlorine content as high as about 5%. In accordance with 
the present invention, the TiN layer 204 is stjbjected to a 
plasma treatment step, as Illustrated in FIG. 2c. In 
pairticular, the TiN layer 2 04, e.g., having a thickness up 
to about 3DoA, is exposed to a hydrogen-containing plasma 
210 by applying a RP power to the showerhead 120 of chamber 
100. The hydrogen- containing plasma 210 ie preferaOaly 
generated from molecular H, gas, but may optionally contain 
nitrogen jNa) . Other hydrogen - cont aining, orgMiic or 
inorganic precursors, e.g., ammonia gas (NH,> , methane 
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(CH4) , Eunong others, may also be used in generating the 
hydrogezi-coatainlng plasma 210. It is believed that the 
exposure of the tIn layer 204 to the plasma results in an 
interaction between atomic hydrogen (e.g., may Include both 
at.oinic neutrals and ions) and the chlorine species in the 
T±S layer 204. It is further believed that the film 
treatment relies more on chemical Interactions rather than 
ion bombaxdment . Thus, according to the present invention, 
the film treatment can also be performed under a remote 
plasma environment, in addition to a local plasma generated 
in the vicinity of the substrate. 

FIG. 5 illustrates schematically a remote plasma 
source 501 connected to the chamber 100 for treating a 
wafer 190 containing the Tin layer 204 of PIG. 2c. For 
example, a remote plasma nay be generated by microwave or 
RF excitation of a plasma source gas {e*g., a hydrogen- 
containing gas, along with an inert gas such as argon] . A 
gas flow controller 505 controls the supply of the plasma 
source gas from a gas supply S03 to the remote plasma 
source 501, The radical species generated in the remote 
plasma source 501, e.g., atomic hydrogen, are introduced 
Into the chamber 100 at an inlet 507. Chemical 
interactions occur between radicals from the plasma and 
chlorine species in the TiN layer 204, resulting in the 
treatment of the TiN layer 204, 

Table 2 illustrates the typical process conditions for 
the Hj plasma treatment - flovf rate in the range of 
about 500-5000 eccm, or prefereOsly about 2000 seem; a 
pressure rainge of about 0.5-10 torr, or preferably about 
I 5 torr, with an RF power in the range of about 600-900 W, 
or preferably about 600 U. A.ltematively, a Ht/N, pleisma 
may also be used, for example, with.a flow .rate in the 
range of about 500-5000 seem. The N,/Hj flow ratio is 
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typically maintained in a range of aliout 0-2, and 
preEerably, about 1? and a 40 seconds treatment time la 
typically used for a 300A thick Tin film. A shorter 
treatment time may suffice for a thinner TIN film. 
Optionallyi other inert gases, such as Ar or helium (He) 
may alao be added to the treatment plasma. For treatment 
using a remote plasma, the process conditions (e.g., plasma 
power, gas flow rate, pressure, and so on) may be adjusted 
to provide a suCf icienc amount of atomic hydrogen to reach 
the TiN layer 204 for effective treatment. The amount of 
radical species needed for such treatment may be found by 
experimentation by one skilled in the art. 

Table 2 - Plasma Treatment Process Parameters 

Plasma Treatment 
Preferred C range) 

Hj (eccm) 2000 {50O-50O0) 

Na (BCCm) 2000 (50O-5OOO3 

(optional) 

Pedestal Temp. (%) 580 (400-600) 

Pressure (torr) 5 (0.5-10) 

RF power (W) 600 (600-900) 

Ar Purge (eccm) SOO (200-1000) 



The plasma treatment using a hydrogen-containing 
plasma, such as that generated from H,, is more effective 
in reducing the CI content in TiN films compared to thermal 
annealing in MH3. F^r example, at a tenperature of about 
BBO^C, a TiN film has a CI concentration of about 3* after 
HHrthennal anneal i -compared to about 1,5% after a Hj/Nj 
plasma treatment. Typically, the resistivity of a TiN film 
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treated in a Hj/N^ plaama, or more generally, a plasma 
.comprising hydrogen and nitrogen, at about SBC'C id less 
than about 200-2 30 jiohni-cm. In one embodiment, for 
example, a TIN film treated with a plasma comprising 
hydrogen has a resistivity of about 180 piohm-cm, compared 
to about 320 fiohm-cm after NH, thermal anneal . 

A more favorable aging ef eect is also observed for TiH 
filmo treated with a hydrogen -containing plasma compared to 
thermal anneal with NH,. For example, TiN films treated 
with a Hj plasma exhibit less than 4% increase in sheet 
resistance after 24 hours, while other TiN films ot the 
same thickness treated by thermal annealing in NH, show an 
increase of about 40%. 

In certain embodiments, it is observed that after the 
plaaaia treatments, the stoichiometry or Ti:N ratio of the 
TiN film has not been modified, and there is no significant 
film densif ication. However, since the TiN film deposited 
at a relatively low temperature tends to be amorphous or 
micro-crystalline, the plasma treatment may have the effect 
of enhancing the TiH grain size, or causing minor changes 
In the crystal orientation. 

In another aspect of the invention, the film 
deposition and plasma treatment steps are performed in 
different sequence combinations in order to achieve various 
desirable film properties. One specific fabrication 
sequence, for example, involves the formation of a 
con^osite TiH layer using a two-step procedure that uses 
different deposition conditions in the two process steps. 
This process sectuence Is illustrated in FIOS. 3a-d. 
FIG. 3a shows the deposition of a first TiN layer 304 upon 
a substrate structure 35 0 similar to that shown in FIG. 2c. 
The TiN layer 304 Is preferably a relatively low stress . 
film that is also relatively thin, e.g., less than about 
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20-25A. For example, the recipe of process <b) , shown in 
Table 1, may be used to deposit this layer 304 at a 
temperature of less than about SOO^C. An MH, iTiCl^ flow 
ratio of greater than about 20, preferably 40, or more 
preferably B5, is used in this step to provide a first 
layer with relatively low stress. In the second step of 
the process sequence, a second TiN layer 3 06 is deposited 
upon the first layer 304, as shovm in FIG. 3b. The second 
TiN layer 306 is preferably deposited under process 
conditions that favor a good step coverage, for example, at 
an NHjjTiCl* flow ratio greater than about 5, or more 
preferably about 8.5. as shown in the process recipe (a) of 
Table 1. This second TiN layer 30 6 may be deposited to a 
thickness up to about 300A, and may have a film stress that 
is higher than that of layer 304. FIG. 3c shows the as- 
deposited TiN layer 3 06 being exposed to a hydrogen- 
containing plasma 310, such as that generated from Hj. 
This plawma treatment results in a composite TiN layer 314 
shown in FIG. 3d, comprising the plasma treated or modified 
layer 306m, which has a reduced CI content compared to the 
as-depoaited layer 306 of FIG. 3c, and the underlying TiN 
layer 304. Depending cm the specific plasma condition and 
the thickness of the second TiN layer 306, the underlying 
layer 304 may or may not be treated by the plasma. For 
example, if the layer 306 has a thickness leas than about 
250A, the layer 304 will be partially treated by the plasma 
310. For a layer 306 thicker than cJaout 250k, the layer 
304 will probably not be treated. However, since the first 
TiN layer 304 has a lower chlorine content than the second 
TiN layer 306 (layer 304 is deposited under a higher 
NKsiTlCl, ratio condition), whether the layer 304 is plasma 
treated or not will not significantly, affect ,the _ 
resistivity of the coicqposite layer 314. After plasma 
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treatment a.ccording to the embodiments of the present 
Invention, there is no noticeable film densif icat ion, and 
the composite layer tbickneso t^ io approximately equal to 
the sum of the thickness of the as -deposited TiN layers 304 
and 306. Additional cycles of film deposition and plasma 
treatment can be performed aa needed to form a composite 
TiN layer of desired thickness. In accordance with the 
present invention, for example, a crack-free, TiN layer 314 
having a thickness of over 100 oA can be fabricated for use 
in plug fill applications. 

In general, a composite TiN layer of desired thickness 
may be formed from an aggregate of TiN con^onent layers by 
repeating several cycles of film deposition and plaema 
treatment. Optimization of the deposition and plasma 
treatment conditions for individual TiN consonant a layers 
will result in a composite TiN layer having the combined 
advantages of iinproved step coverage and reduced film 
stress. 

Aside from plug fill applications* the TIN layer 
formed by the present process may also be used as a barrier 
layer for an upper electrode in a capacitor structure 
having tantalum pentoxide (TaaOs) aa the dielectric. 
FIG. 4 illustrates a cross- sectional view of such a 
capacitor atnicture. 

The bottom electrode 400 may comprise of silicon, 
e.g., polysilicon. A barrier layer 402 such as silicon 
nitride may also be used prior to the formation of the 
dielectric layer 404 comprising TajO,. Typically , Ta^Os may 
be formed by a CVD process using a liquid source j e.g., 
tantalum-pentaethoxy (TAETO) or tantalura- 
tetraethoxydimethylamine (TATDMAE) , at a temperature of 
less than about 450*'C. A_TiN barrier layer 406 la then 
formed upon the Ta^Oj dielectric layer 404 « preferably at a 
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low processing temperature go as to avoid undesirable 
inter-dlf fusion across the various material layers. This 
can be achieved, £or example, by the process of the present 
invention. The TIN barrier layer 406 can be deposited 
using the recipe shown in Table 1, followed by treating in 
a plasma generated from H,. An upper electrode layer 408, 
which may cornprise polysilicon or other suitable conducting 
materials, is then formed upon the plasma treated TiN 
barrier layer 406, thus resulting in the capacitor 
structure of PIQ. 4. 

While the present invention is particularly well- 
sulted for applications requiring thick film formation 
(e.g., plug fill), it ia generally applicable to many other 
substrate structures encountered in various stages of 
integrated circuit fabrication, including liner /barrier, 
capacitor, and so on. 

Although several preferred embodiments which 
incorporate the teachings of the present invention have 
been shown and described in detail, those skilled in the 
art can readily devise many other varied entbodimenta that 
still incorporate these teachings. 

4 Brief Description of DraviDgs 

The teachings of the present invention can be readily 
understood by considering the following detailed 
description in conjunction with the accon^anying drawings, 
in which: 

FIGURE 1 is a schematic illustration of an apparatus 
that can be used to practice this invention; 

FIGURES 2a~2c depict schematic cross-sectional views of 
a substrate structure with a titanium nitride layer being 
formed according to one aspect of the present invention; 

FIGURES 3a- 3d depict schematic cross-sectional views of 
a substrate structure at different stages of integrated 
circuit f abrication^ in which a composite titanium nitride 
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layer is formed according to another embodiment of the 
present invention; 

FIOURB 4 depicts a cross-sectlonal view of a capacitor 
structure having a titanium nitride barrier layer Chat Is 
formed in accordance with the present invention; and 

PIGURB S depicts a schematic illustration of an 
alternat-ive embodiment of the apparatus of FIG. 1 that can 
be used to practice this ixivexition. 

TO facilitate understanding. Identical reference 
numerals have been used, where possible ^ to designate 
identical elements that are common to the figures. 

8 




ao 



(6 6) 101-291682 (P2001 




FIG. 2c 
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I Abstiact 

A method of forming thick titanium nitride films with 
low resistivity. Using a thermal chemical vapor deposition 
reaction between ammonia (NHj) and titanium tetrachloride 
(TiCl^) , a titanixim nitride film is formed at a temperature 
of less Chan about 600"C, and an NHjiTiCl* ratio greater 
than about' 5. ~The deposited "TiN' film is then treated in a 
hydrogen- containing plasma such as that generated from 
molecular hydrogen (Hj) . This results in a thick titanium 
nitride film witln low resistivity and good step coverage. 
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The depoBition and plaema treatment steps may be repeated 
for additional cycles to form a thick, composite titanium 
nitride film of deaired thickness, which is suitiable for 
use in plug £111 or capacitor structure applications. 
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